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SUMMARY 


A wind-tunnel investigation was conducted for a 0.035-scale full-span 
model of the KC-135A to identify changes in stability and control characteris- 
tics due to the addition of winglets. Low-speed data (Mach number of 0.30) 
were obtained at angles of attack frcm approximately -8° to 76° and at angles 
of sideslip up to approximately ±1 2°. High-subsonic-speed data were obtained 
at Mach numbers frcm 0.50 to 0.82, at angles of attack frcm approximately -6° 
to 1 6°, and at angles of sideslip of 0°, 5°, and -5°. 

The results indicate that winglets produce favorable effects on the 
lift-curve slope and longitudinal stability, require only small changes in 
hori zontal- tail deflection for trim, delay pitch-up, and increase the lateral- 
directional stability. A tabular summary of the papers in the series of inves- 
tigations of winglets on the KC-135A is included. 


INTRODUCTION 

Winglets, described in reference 1, are intended to provide reductions in 
drag due to lift at subsonic speeds. To fully explore the applicability of 
winglets, the National Aeronautics and Space Administration (NASA) has been 
conducting extensive experimental investigations of the use of winglets on vari- 
ous jet transports. (See refs. 2 to 5.) The results of one of these investiga- 
tions indicated that winglets reduced induced drag on a U.S. Air Force KC-1 35A 
first-generation jet- transport model by approximately 20 percent with a result- 
ing increase in wing lif t-to-drag ratio of about 8 percent (refs. 5 to 7). As 
a result of that investigation, NASA and the U.S. Air Force have initiated a 
joint flight research and demonstration program to determine the effectiveness 
of winglets on the KC-135A. In support of the flight program, wind-tunnel 
investigations have been conducted in the Langley 8-foot transonic pressure 
tunnel (refs. 8 to 9) . 

The investigation reported herein has been conducted to identify any 
changes in stability and control characteristics due to the addition of wing- 
lets. Therefore, the results have been analyzed with emphasis on the differ- 
ences between the basic KC-135A and the KC-135A with winglets as well as 
variations in stability characteristics at critical design-load conditions 
identified in reference 10. 

The current paper presents force and moment data obtained on a 0.035-scale 
full-span model of the KC-135A. Low-speed data (Mach number at 0.30) are pre- 
sented at angles of attack frcm approximately -8° to 1 6° and at angles of side- 
slip up to approximately ±12°. The data at sideslip angles greater than 5° were 
obtained in the Langley high-speed 7- by 10-foot tunnel. High-subsonic-speed 
data are presented at Mach numbers from 0.50 to 0.82, at angles of attack frcm 
approximately -6° to 1 6°, and at angles of sideslip of 0°, 5°, and -5°. 



This paper is one of a series of papers to report the results of a number 
of investigations of NASA designed winglets on KC-135A models. Table I lists 
these papers along with a short model description, the Mach number range, and 
a brief description of the more important data presented and discussed. 


SYMBOLS 


The results presented in this report are referred to the stability-axis 
system for the longitudinal aerodynamic characteristics and to the body-axis 
system for the lateral-directional aerodynamic characteristics. Force and 
moment data have been reduced to conventional coefficient form based on the 
geometry of the basic wing planform. Moments are referenced to the quarter- 
chord point of the mean aerodynamic chord of the basic wing (fig. 1). All 
dimensional values are given in both the International System of Units (SI) and 
U.S. Customary Units; however, all measurements and calculations were made in 
U.S . Customary Units. (See ref. 11.) 

Coefficients and symbols used herein are defined as follows: 
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wing span, 138.7 cm (54.6 in.) 

drag coefficient, Drag/q^S 

lift coefficient, Lift/q^S 

lift coefficient at Cm = 0 

lift-curve slope, ACj/Aot, per degree 

rolling- moment coefficient. Rolling moment/q^Sb 

effective-dihedral parameter, Ac^/Ag, per degree 

pitching-mcment coefficient. Pitching mcment/q^c 

longitudinal- stability derivative (static margin), ACm/ACi, 

pitching-mcment coefficient at zero lift 

yawing-moment coefficient. Yawing moment/ q oo Sb 

directional-stability parameter, Ac n /A3, per degree 

side-force coefficient. Side force/q^S 

side-force parameter, ACy/A3, per degree 

local chord, cm (in. ) 

mean aerodynamic chord of basic reference wing panel, 21.03 cm 
(8.28 in.) 
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Cj- wing-tip chord, cm (in.) 

M^ free-stream Mach number 

free-stream dynamic pressure, kPa (psf) 

R Reynolds number per unit length, per m (per ft) 

S basic wing planform reference area, 0.270 m 2 (2.906 ft 2 ) 

a angle of attack, deg 

3 angle of sideslip, deg 

A increments obtained by interpolation 

^a,L left aileron deflection, positive for trailing edge down, deg 

right aileron deflection, positive for trailing edge down, deg 
<5f flap deflection, positive for trailing edge down, deg 

horizontal tail deflection, positive for trailing edge down, deg 

EXPERIMENTAL APPARATUS AND PROCEDURES 
Test Facilities 

This investigation was conducted in the Langley 8-foot transonic pressure 
tunnel and the Langley high-speed 7- by 10-foot tunnel. A detailed description 
of both wind tunnels is given in reference 12. 


Model Description 

A sting-mounted, full-span, 0.035-scale model of the KC-135A aircraft was 
used in this investigation. Drawings of the model are shown in figure 1 and 
photographs of the model are shown in figure 2. Table II presents the several 
configurations tested during this investigation. 

Fuselage . - The model fuselage contours closely simulated those of the full- 
scale fuselage with the exception of the aft lcwer-f uselage region. An enlarge- 
ment of this area was necessary to accommodate the model support sting. 

Wing .- The basic wing of the KC-135A model has 7° dihedral, 2° of incidence 
at the root chord, and no geometric twist. The wing thickness ratio varies non- 
linearly frcm 15 percent at the wing-fuselage juncture to 9 percent at the 
trailing-edge break station and then remains constant to the wing tip. The 
trapezoidal planform of the wing has a quarter-chord sweep of 35°, an aspect 
ratio of 7.12, and a taper ratio of 0.34. For all data analyses, the reference 
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geometry parameters S, b, and c are based on the trapezoidal planform of 
the basic wing extended to the fuselage centerline. 

Two wings were used during the investigation. One had provision for 
attaching various combinations of flaps and ailerons. This wing, designated 
wing F in table II, was used for most of the Mach 0.30 tests and for all the 
tests at large sideslip angles. When the winglets were attached to this wing 
the left-winglet pressure-orifice tubes were routed along the lower surface of 
the left-hand panel into the side of the fuselage. A plastic filler material 
was added over the tubing to produce a "smooth" bump. The other wing, desig- 
nated wing B, did not have ailerons or flaps but had seven rows of chordwise 
pressure orifices in the right-hand panel. Winglet pressure-orifice tubes were 
routed through the left-hand panel. This wing was used for limited tests at 
a Mach number of 0.30 and for all the tests above a Mach number of 0.30. 

Winglet .- The winglet used in this investigation, a detailed drawing of 
which is given in figure 1 (b) , was developed during the investigation reported 
in references 5 to 7. It employs an 8-percent- thick general aviation airfoil, 
the coordinates for which are presented in reference 1 . The winglet has a span 
equal to the wing- tip chord and a root chord equal to 65 percent of the wing- 
tip chord. It has an aspect ratio of 2.33, a taper ratio of 0.32, a leading- 
edge sweep of 38°, and a planform area for both winglets equal to 3.2 percent 
of the trapezoidal planform area of the basic wing. The winglet is canted out- 
board 15° from the vertical (75° dihedral) and toed out 4° (leading edge out- 
board) relative to the fuselage centerline. The winglet trailing edge is 
located near the wing trailing edge for greatest effectiveness (ref. 1). The 
winglet is untwisted and the "upper surface" is the inboard surface. To smooth 
the transition from the wing to the winglet, fillets were added to the inside 
corners at the junctures and the outside corners were rounded. 

Nacelles.- Flow-through nacelles with an inlet diameter of 2.90 cm 
(1.14 in.) and an exit diameter of 2.07 cm (0.82 in.) were used. The inlet 
diameter was maintained back to approximately 0.66 of the nacelle length and 
then tapered linearly to the exit. 

Flaps and ailerons .- Fixed flaps and outboard ailerons were attached for 
part of the tests at a Mach number of 0.30. When attached, the flaps were 
deflected 30°, the right aileron was undeflected, and the left aileron was 
deflected to either 0°, 20°, or -20°. 

Tail surfaces .- The horizontal tail could be set at fixed deflections of 
0°, -4°, and -10°, and was removed to provide tail-off data for the high-speed 
testing. The vertical tail was fixed at 0°. 


Boundary- Layer Transition Strips 

Boundary-layer transition strips were applied to all surfaces. The tran- 
sition strips were comprised of a 0.16-cm (0.06-in.) wide band of carborundum 
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grains set in a plastic adhesive. The grains were sized according to the tech- 
niques discussed in reference 13. 

No. 220 carborundum grains were applied to the fuselage 3.81 cm (1.50 in.) 
aft of the nose. No. 220-grain strips were also applied at 0.05c on the upper 
and lower surfaces of the wings, horizontal tail, and vertical tail. The pylons 
and nacelles had No. 240-grain transition strips placed 0.64 cm (0.25 in.) back 
from the leading edges. Transition strips on the winglets (also 0.16 cm 
(0.06 in.) wide) were No. 240 grains applied at 0.05c on the upper surface and 
No. 220 grains applied at 0.35c on the lower surface. Transition strips on the 
lower surfaces of the winglets were located by the method of reference 14 in 
an attempt to simulate full-scale boundary-layer displacement at the trailing 
edge for an ideal Reynolds number of 40 x 10®. 


Test Conditions 

Measurements were taken at Mach numbers of 0.30, 0.50, 0.70, 0.78, and 0.82 
with the angle-of- attack range from approximately -8° to 16°. The Reynolds num- 
bers, free-stream dynamic pressures, and the nominal sideslip angles at which 
data were obtained are shown in table II. 


Measurements 

Force and moment data were obtained by use of a six-component electrical 
strain-gage balance. An accelerometer located in the fuselage was used to mea- 
sure angle of attack. Static pressures were measured in the model sting cavity 
and at the model base by using differential-pressure transducers referenced to 
free-stream static pressure. 


Corrections 

In the 8-foot transonic pressure tunnel the angle of attack was corrected 
for flow angularity in the test section. The correction was obtained by testing 
the model upright and inverted. In the high-speed 7- by 10-foot tunnel the angle 
of attack was measured at the back of the support sting and was corrected for 
deflections of the balance and sting combination. A correction for test-section 
flow angularity was assumed to be negligible based on tests with a similar size 
model. The lift, drag, and pitching-moment coefficients have been adjusted to 
correspond to a free-stream static-pressure condition at the base of the model 
and within the sting cavity. 


PRESENTATION OF RESULTS 

The results of this investigation are presented in the following figures. 
No performance results are presented for wing F because of interference effects 
caused by the presence of the winglet pressure tubes on the wing lower surface. 
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Figure 


Longitudinal aerodynamic characteristics: 

At = 0.30 for configuration with wing B. <$h = -1 °° 3 

At M ot = 0.30 for configuration with wing F. Winglets on; 

<% = -10° 4 

At high subsonic speeds: 

<$h = 0° 5 

Effect of horizontal tail. 3 = 0° 6 

Trim lift coefficient. 6^ = -4°; 3 = 0° 7 

Summary. C L =0.40; 6^ = -4°; 3 = 0° 8 

Lateral- directional aerodynamic characteristics: 

At M = 0.30. 6 h = -10°: 

Effect of sideslip for configuration with wing B 9 

Effect of sideslip for configuration with wing F. Winglets on . . . 10 

Stability parameters 11 

At high subsonic speeds. 6^ = 0°: 

Effect of sideslip 12 

Stability parameters 13 

Summary. = 0.40; 3 = 0° 14 


DISCUSSION OF RESULTS 
Longitudinal Aerodynamic Characteristics 

Performance .- Several models have been utilized to obtain the aerodynamic 
results for the KC-135A. (See table I.) The models differed both in scale and 
in wing stiffness. In particular, the semispan model of references 4 to 7 was 
constructed to obtain the highest possible Reynolds numbers on the winglets and 
also to achieve a deflected wing shape under load which approximated that of the 
full-scale airplane in cruise flight. The full-span model of the present inves- 
tigation, on the other hand, was utilized primarily to obtain stability and con- 
trol results, particularly in the yawed condition, and employed a steel wing 
which deflected less than the full-scale wing. As a result, the performance 
data contained herein should be used with caution, and appropriate adjustments 
should be made for flexibility effects. Data for the KC-135A semispan model, 
where available, should be considered as the prime data for use in performance 
analyses. Results of the present investigation indicate that winglets are 
effective in reducing drag over the range of Mach numbers tested (figs. 3 
to 6) . 

Low-speed chara cteristics.- The data indicate that winglets increase the 
KC-135A longitudinal static stability (slope of the curve of pitching-mcment 
coefficient versus lift coefficient becomes more negative). The winglets also 
delay the pitch-up characteristics of the basic RC-135A. 

The data presented are for an untrimmed configuration without flaps 
(figs. 3(a) to 3(c)) and for a nearly trimmed take-off configuration, <$ f = 30° 
and C L » 1.0 (figs. 4(a) to 4(e)). These data along with data in figure 13 of 
reference 8 for the take-off condition indicate that the addition of the wing- 
lets requires approximately 0.5° more negative hori zontal- tail deflection to 
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achieve the same nearly trimmed condition. The data obtained in the two wind 
tunnels (fig. 4(a)) did not differ in lift-curve slope or longitudinal 

stability . Comparison of figure 4(a) with figure 5 of reference 8 shows 

that the bump on the left-hand panel lower surface (for instrumentation) did 
not affect the lift-curve slope or the longitudinal stability. The effects due 
to increasing Reynolds number were, as expected, slight increases in maximum 
lift coefficient and lift-curve slope at the higher angles of attack, and slight 
decreases in longitudinal stability. (See fig. 3(b), for example.) Except for 
small changes in the longitudinal stability at lift coefficients less than 0.6, 
there was no effect of sideslip angle, up to ±1 2°, on the longitudinal charac- 
teristics (figs. 4(c) to 4(e)). 

High-speed characteristics .- The data in figures 4 and 5 indicate that 
winglets cause a slight increase in the lift-curve slope. The winglets 
increase the longitudinal stability slightly and also delay pitch-up in the 
basic KC-135A. The KC-135A with a horizontal- tail deflection of -4° is trimmed 
in the range of lift coefficients from 0.30 to 0.40 without winglets and is 
trimmed in the range of lift coefficients from 0.26 to 0.34 with winglets. 

(See figs. 6 and 7.) At a lift coefficient of 0.40, the representative cruise 
condition used in all previous analyses, the addition of the winglets requires 
between 0.27° and 0.38° more negative horizontal- tail deflection for trim. The 
associated drag penalty is minimal. Reference 15 indicates that when the flight 
profile of the KC-135A with winglets is reoptimized for long-range cruise, the 
average cruise lift coefficient increases from 0.426 to 0. 447 and the cruise 
Mach number increases from 0.770 to 0.774. The data in figure 6(c) (M^ * 0.78) 

indicate that this change in average cruise lift coefficient will result in 
0.47° more negative tail deflection. The associated drag coefficient penalty 
would again be minimal, about 0. 0001. Reference 5 indicates that this change 
in average cruise lift coefficient will result in a decrease in drag coefficient 
of 0.0008. 

Summary data at a lift coefficient of 0.40 and horizontal tail deflection 
of -4° are presented in figure 8. The addition of the winglets has a slight, 
favorable effect on the lift-curve slope c L a * This effect decreases with 

increasing Mach number. Also, the static margin increases by 1.5 to 3.0 per- 
cent through the Mach number range. 


Lateral-Directional Aerodynamic Characteristics 

The addition of the winglets has a significant effect on the lateral- 
directional stability at all Mach numbers. (See figs. 9 to 13.) Winglets 
increase the dihedral effect -Cj„ (lateral stability) at cruise lift coeffi- 
cients by about 18 percent at lew speeds (fig. 11) and by about 20 percent at 
high subsonic speeds (figs. 13 and 14). Winglets increase the directional 

stability C no for near cruise lift coefficients by about 6 percent at lew 

p 

subsonic speeds (fig. 11) to about 10 percent at high subsonic speeds (figs. 13 
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and 14). Reference 15 indicates that these large changes in the lateral- 
directional stability parameters could have a significant effect on the unaug- 
mented Dutch-roll characteristics. 

Sideslip angles up to ±12° have no significant effect on the lateral- 
directional characteristics of the winglet configuration (figs. 10(b) to 10(e)). 
Also, variation of Reynolds number does not change the effect of the addition 
of winglets on the low-speed lateral-directional stability (fig. 11). 


SUMMARY OF RESULTS 

A wind-tunnel investigation has been conducted to identify variations in 
stability and control due to the addition of winglets to a model of the KC-135A. 
Static longitudinal and lateral- directional aerodynamic characteristics have 
been determined for a 0.035-scale model of the KC-135A with and without winglets 
at Mach numbers from 0.30 to 0.82, at angles of attack from -8° to 16°, and at 
angles of sideslip to 12°. The following results were obtained: 

1. Winglets produce small favorable effects on the lift-curve slope Cj^. 
This effect decreases with increasing Mach number. 

2. Winglets increase longitudinal static stability. 

3. Winglets require less than 0.5° change in the hori zontal-tail trim 
deflection. The associated trim drag coefficient is minimal (about 0.0001 at 
cruise conditions). 

4. Winglets increase the lift coefficient at which pitch-up occurs. 

5. Winglets increase the dihedral effect about 1 8 to 20 percent and the 
directional stability about 6 to 1 0 percent. These large changes could have 
a significant effect on the unaugmented Dutch-roll characteristics. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
August 24, 1 979 
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TABLE I.- PUBLICATION SERIES ON THE EFFECT OF WINGLETS ON A KC-135A 


Part 

NASA 
Pub. No. 

Model 

M 

OO 

Data presented (not inclusive) 

I 

TN D-8473 

Semispan; 
0.07 scale 

0.30 to 0.80 

Longitudinal characteristics for basic wing tip and other 
tip configurations; incremental wing-root bending 
moments; low^speed longitudinal characteristics for basic 
wing tip and other tip configurations, with and without 
high-lift devices. 

II 

TN D-8474 

Semispan; 
0.07 scale 

0.70 to 0.80 

Wing and winglet chordwise pressure and spanwise load dis- 
tributions for basic and several tip configurations. 

III 

TN D-8478 

Semispan; 
0.07 scale 

0.30 

Wing and winglet chordwise pressure and spanwise load dis- 
tributions for basic and several tip configurations, with 
and without high-lift devices. 

IV 

TP-1 1 1 9 

Full span; 
0.035 scale 

0.30 

Low-speed longitudinal and lateral-directional characteris- 
tics for several flap, aileron, and horizontal- tail con- 
figurations with and without an upper winglet. 

V 

TP-11 63 

Full span; 
0.035 scale 
tailless 
generalized 
fuselage 

0.50 to 0.95 

Longitudinal and lateral-directional characteristics with 
and without an upper winglet for wide angle-of- attack 
range; incremental wing bending moments; wing buffet with 
and without an upper winglet. 

VI 

TP- 1330 
(This 
paper) 

Full span; 
0.035 scale 

0.30 to 0.95 

Longitudinal and lateral-directional characteristics with 
and without an upper winglet; low-speed lateral- 
directional characteristics up to 12° sideslip for take- 
off configuration with winglets. 




























(a) Wing B. 

Figure 2.- Photographs of wind-tunnel model with winglets. 
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Figure 4.- Continued. 
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(a) = 0.50. 

Figure 5.- Longitudinal aerodynamic characteristics at high subsonic speeds 









(b) Concluded. 


Figure 5.- Continued 




(c) M m = 0.78. 


Figure 5.- Continued 




(c) Concluded. 
Figure 5.- Continued 








(d) M = 0.82. 
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Figure 5.- Continued 






(a) r^o = 0.50. 

Figure 6.- Horizontal- tail effects on longitudinal aerodynamic characteristics 

at high subsonic speeds. P = 0°. 
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Figure 10.- Continued. 













Figure 12.- Effect of sideslip on lateral-directional aerodynamic characteristics 

at high subsonic speeds. Su = 0°. 
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Figure 12.- Continued. 
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